The ever-increasing demand of waterborne heavy-duty coatings for high resistance to many aggressive environment factors and low-surface energy has spurred the ongoing development of acrylic latex modified by fluorine, silicon, and epoxy resin. The morphology of the latex particles were characterized by means of light scattering and transmission electron microscopy (TEM). The stability measurements of modified latex and films showed that the resultant acrylic copolymers containing fluorine, silicon and epoxy resin represented very good resistance to organic solvent, acid and base, water and heat. From contact angle measurements and atomic force microscopy (AFM), a dense and gradient film with surface energy as low as 16.1 mN/m was obtained.
Introduction
The fluoropolymers have exhibited outstanding performances including high mechanical and thermal stability, chemical inertness (to solvents, chemicals, acids and bases), low friction coefficients, low flammability, excellent weather ability, good resistance to oxidation, extremely low surface energy, and relatively low permeability for most gases [1] [2] [3] [4] . The structure of alternating carbon / hydrogen bonds with carbon / fluorine bonds, in combination with the high bond strength of carbon-fluorine atoms (486 kJ/mol) in fluorinated polymers, provides chemical inertness that enables the formulation of fluorinated polymers to resist environmental degradation (i.e., to solvents, chemicals, acid and base, oxidation, airborne pollutants) and the ultra low surface energy reduces dirt retention [5] [6] [7] . Due to the unique characteristics, fluorinated polymers have been widely studied in recent years.
New polymer architectures combining in a single polymer the unique properties of fluorinated polymer, silicated polymers and epoxy resin might introduce exceptionally low glass transition temperature, good adhesion, low elastic modulus, and high thermal and chemical stability of silicon-containing polymers [8] [9] [10] and high chemical and corrosion resistance, thermal stability, good adhesion, and superior toughness of epoxy resin [11] [12] [13] [14] [15] simultaneously, which can provide interesting new materials. However, there are few reports in the coating area dealing with acrylic copolymer latex modified by fluorine combined with silicon and epoxy resin.
In this paper, we report investigations on the behaviour of acrylic latex modified by dodecafluoroheptyl methacrylate (FMA), vinyltriethoxysilicone (VTES), and phenolformaldehyde epoxy resin (F-51), including solvent resistance, acid and base resistance, water resistance, and heat resistance. At the same time, the fluorine enrichment in the surface of the film and surface energy were examined by contact angle measurements and the surface morphology was characterized by AFM.
Results and discussion

Latex particle size and morphology
The particle sizes and distribution of latexes were very important parameters, which has close relation with polymerization rate and the performance of latex. We measured the particle sizes and distribution of latexes by light scattering, and contrasted the result with morphology measured by TEM, to study the influence of the amount of FMA, VTES, and F-51 on the particle sizes and distribution of latexes.
Tab
From the particle size data listed in Table 1 , it can be seen that the polydispersity indexes are all less than 0.1, that is, the particles exhibit a monomodal distribution. As the amount of FMA increased, the particle size had no variation nearly, but the latex particle sizes increased with increase in the amount of VTES and F-51. This comes from the fact that VTES and F-51 were multi-functional monomers which can generate cross-linking reticular structure. Moreover, the cross-linking density increased with increasing the amount of VTES and F-51, so the average particle sizes of latexes increased with the increase in amount of VTES and F-51.
Meanwhile, we took TEM photographs of copolymers as shown in Fig. 1 . From the image a, b and c ( Fig. 1) , it can be seen that the particle sizes had no significant variation as the amount of FMA increased. But as the amount of VTES and F-51 increased (image c, d and image e, f), the particle sizes increased, which was just in agreement with the case described by latex particle sizes determination by light scattering.
Stabilities of latex film
Tab. 2-4 listed the swelling ratio of the latexes with different amounts of FMA, VTES, and F-51 after the latex films were immersed into petrolic ether for 48 h, 5% HCl and 5% NaOH for 24 h, respectively. From the data listed in Table 2 -4, it can be seen that as the amount of FMA, VTES, and F-51 increased, the swelling ratio decreased, indicating that the solvent resistance, acid resistance and base resistance of the latex films were improved. The copolymerization of FMA inducted the protecting effect of perfluoroalkyl groups, and as the amount of FMA increased, the protecting effect become stronger. VTES and F-51 were multi-functional monomers which can generate cross-linking reticular structure during polymerization. The petrolic ether, 5% HCl and 5% NaOH could swell the polymers, however, the solvent molecules could not break the cross-linking molecules because of the network of cross-linking bonds. Moreover, the cross-linking reaction which increased the molecular weight has led the solvent resistance, acid resistance and base resistance of the latex films were successfully been enhanced.
The more the amount of VTES and F-51, the higher the cross-linking degree and molecular weight, and then the solvent resistance, acid resistance and base resistance of the latex films improved more. 
Water absorption of latex film
For the water absorption measurement, all the tested samples were cured in the same conditions of temperature and humidity (23 0 C and 75% RH) in order to eliminate the influence of curing condition on the evaporation of water and amount of residual water inside the latex films. And 48 h of immersion were enough to reach a plateau value in the water absorption [16] .
The influence of FMA in water absorption is shown in Fig. 2 . It can be seen that the water resistance of film was enhanced largely with a small amount of FMA, and as the amount of FMA increased, the water absorption decreased. This is because when the hydrogen in the carbon chains was replaced by fluorine, the jagged chain structure would change into helicoidal, the fluorine with strong electronegativity enwraps the main chain completely. And fluoroalkyl groups were very water-repellent and thus reduced the water absorption. 3 shows the influence on water absorption by VTES. It can be seen that as the amount of VTES increased, the water absorption decreased. This is because VTES can generate cross-linking reticular structure during polymerization which can restrict volume bulking resulted from water permeating into interior of polymer. And silicone segment can form water repellency layer because of low surface energy which can advance the waterproof behavior of latex film. Fig. 4 shows the water absorption influenced by F-51. It can be seen that as the amount of F-51 increased, the water absorption decreased. Similar to VTES, F-51 can generate the cross-linking reticular structure during polymerization, thus enhancing the water resistance of latex film.
Heat resistance of latex film
The thermogravimetric curves of the latex films with different amounts of FMA, VTES, and F-51 are shown in Fig. 5-7 . As the amount of FMA, VTES, and F-51 increased, the initial decomposition temperature increased about 10 -20 0 C. The bond energy of C-F bond (486 kJ/ mol) is far above C-H bond (413 kJ/ mol) and C-C bond (347 kJ/ mol), so the introduction of fluoroalkyl group can improve the heatresistance of latex film. The cross-linking reaction caused linear polymer molecules to form network structures, and the cross-linking density increased with increase in the amounts of VTES and F-51, so that the starting decomposition temperature of polymers increased and the decomposition temperature range expanded as the amount of FMA, VTES, and F-51 increased, indicating that the thermal stability of the latex films was improved.
Fig. 7.
The thermogravimetric curves of the latex films as a function of the content of F-51.
Surface properties -Contact angle
Surface properties of polymers aere usually governed by the structure and chemical composition of the outermost surface layer and, thus, are quite different from the bulk properties. We chose water and n-hexadecane as the wetting liquids, the water contact angle was used as a criterion for the hydrophobicity of the surface and the nhexadecane contact angle was used as a criterion for the oleophobicity of the surface. The advancing and receding contact angles of water and n-hexadecane are depicted in Fig. 8-10 as the function of the content of FMA, VTES, and F-51, respectively. The advancing angles of water drops on the films were all above 90°, that is, it was difficult to wet the latex films containing fluorine, silicon, and epoxy. The contact angles of water and n-hexadecane both increased with increasing the amount of FMA, VTES, and F-51, and there was a large difference between advancing and receding contact angles (hysteresis) for latexes containing different amount of FMA, VTES, and F-51. Compared with FMA, the hysteresis for VTES and F-51 was not so large. Because of high hydrophobicity and low surface tension, the fluorinated chains could accumulate at the surface during the latex film formation, and thus it was difficult to wet the latex films. When the polar water or apolar n-hexadecane contacted the surface, the fluorinated chains would reorient and rearrange with the environmental change [17] , but cross-linking of VTES and F-51 can inhibit liquid penetration and surface reconstruction by immobilizing the surface molecules. Cross-linking would, therefore, decrease contact angle hysteresis. As the amount of VTES and F-51 increased, more and more fluorinated chains were fixed on the surface, thus, the water and n-hexadecane contact angles were both enhanced.
-Surface free energy
The total surface free energy of solid can be calculated from the contact angles of two wetting liquids having known values of polar (γ p ) and dispersive (γ d ) components of surface energy by Fowkes' equation as follows [18] :
where p and d are the polar and dispersion components of each surface free energy, θ c is the advancing contact angle, and γ S and γ L are the interfacial tensions at solidvapor and liquid-vapor interfaces, respectively. By the contact angle measurement on a solid surface with two liquids which the polar and dispersion components of surface tensions are known, the total surface free energy of a solid and its components can be calculated. In this study, we used water (γ Ld =21.7mN/m, γ Lp = 51.8mN/m at 22 0 C) as a polar wetting liquid and n-hexadecane (γ Ld = 27.6mN/m, γ Lp = 0mN/m) as an apolar wetting liquid. Given in Table 5 are the polar and dispersive components and surface free energy of the latex films calculated from geometric mean approximation in eq. (1) From Tab. 5, it can be seen that the surface energy of the copolymer films decreased monotonically on increasing the amount of FMA, VTES, and F-51 in the latex particles. A small amount of FMA induced an obvious reduction of surface energy, while there was not so much obvious reduction for VTES and F-51. As the amount of VTES and F-51 increased, more fluorinated portion can be fixed on the surface by cross-linking reaction. However, the amount of FMA which was the main reason of lowering the surface energy was confirmed, the reduction of surface energy was not so much as increase in FMA when we increased the amount of VTES and F-51.
Surface morphology at the film surfaces
In addition to the contact angle measurements, AFM was also used to reveal the fluorine enrichment at the surface. Fig. 11 shows a series of phase images of the copolymer films which were coalesced at 25 0 C. Depending on the FMA, VTES, and F-51 fraction in the copolymers, the surface phase structure is varied significantly.
In the phase image, the difference between the phase angle of vibration of the free oscillating tip and the phase of the tip as it interacts with the sample surface describes the characteristics of the tip-sample force interactions. In many cases for a particular choice of measurement parameters, a brighter phase contrast is expected for stiffer materials as described in the literature.
(e) (f) Fig. 11 . Phase images of TM-AFM in 2 μm×2 μm area: (a) FMA=0%, VTES=3%, F-51=5%; (b)FMA=18%, VTES=3%, F-51=5%; (c)FMA=9%,VTES=0%, F-51=5%; (d)FMA=9%,VTES =6% , F-51=5%; (e)FMA=9%, VTES =3%, F-51=0%; (f) FMA=9%, VTES =3%, F-51=11.
In our work, the stiffer materials were assigned to fluorine-containing particles based on the fact that the crystalline fluorine-containing particles were more rigid. As the amount of FMA, VTES, and F-51 increased, the brighter fraction increased significantly. As the amount of FMA increased, more and more fluoroalkyl groups enriched in the surface, which represented as increment of the brighter fraction in phase image of AFM. However, the amount of FMA was not enough to cover the whole surface; there were still some alkyl groups. Thus, the surface of the latex represented two phases. It was the same situation with VTES and F-51 due to the cross-linking action which can give rise to more fluorinated portion on the surface.
Conclusions
The acrylic latexes modified by fluorine, silicon, and epoxy resin presented very good resistance to organic solvent, acid and base, water and heat. Both hydrophobicity and olephobicity improved significantly by introduction of FMA, VTES, and F-51 as proved by contact angle, surface free energy and AFM measurements. Overall, these copolymers containing fluorine, silicon and epoxy resin provide new heavy-duty coating base materials which would have potential use in near future.
Experimental
Materials
Acrylic latexes modified by fluorine, silicon, and epoxy resin were prepared by us through a semi-continuous emulsion polymerization process, as reported in the thesis [19] . For the latex preparation, styrene (St), butyl acrylate (BA), and methyl methacrylate (MMA) were used as comonomers. The reaction was carried out in a four-neck flask equipped with a magnetic stirrer, thermometer, addition funnel, and reflux condenser. When the temperature of water bath reached 82 0 C, a water solution containing partial initiator and emulsifiers was added. Three minutes later, 50% amount of the pre-emulsion comprised of all of St, BA, MMA and partial F-51, emulsifiers, initiator and water was added to the reactor over a period of 1 h. The remaining pre-emulsion with FMA, VTES, and F-51 were fed continuously over a period of 75 min, and the rest of initiator and buffer solution was fed over 80 min. Upon the completion of the initiator feeding, polymerization was allowed to continue for an additional 1.5 h at 82 0 C.
Tab. 6. The basic recipe of modified acrylic copolymer. After that, a certain amount of curing agent triethanol amine (TEA) was added into the reaction system, and the temperature was allowed to reduce naturally to room temperature. Therefore, the coagulate-free and long-time stable latex with a theoretic solid content of about 43% was obtained. The parameters varied including the amounts of FMA, VTES, and F-51. In the basic recipe (Tab. 6), the contents of FMA, VTES, and F-51 were 9%, 3%, and 5% (the percent of total monomer weight), respectively. When the conditional experiment of one functional monomer was being conducted, the contents of the other two functional monomers were fixed. 5% HCl, 5% NaOH, and saturated NaCl solution were formulated before use. Petrolic ether was used as received. The deionised water was obtained by ion exchange resin.
Characterization
The solid content and the conversion were measured by gravimetric analysis. 1-2 g latex was cast onto a Petri dish and dried at 115 0 C for 20 minutes. The solid content and the final conversion were calculated by the following equations, respectively:
where W 0 is the weight of the Petri dish and W 1 and W 2 are the weights of latex before and after drying to the constant weight, respectively.
where W 3 is the total weight of all the materials put in the flask before polymerization, W 4 is the weight of materials that could not volatilize during the drying period, and W 5 is the total weight of monomers.
Latex particle size was determined by means of light scattering using the Auto Size Loc-FC-963 of Malvern using a He-Ne laser (632.8 nm, 5mW), a photomultiplier, and an angle of 90°.
TEM photographs of the copolymers were obtained at 60 kV using a JEM-100SX. The latex was negatively stained with an aqueous solution of 2% uranium acetate (UAc).
The measurement of the water absorption was conducted by putting latex films in the vapour of saturated NaCl solution (RH 75 ±1) for 48 h at 23 0 C. After the immersion period the samples were carefully dried with filter paper and weighed. 
where W 6 and W 7 are the weight of the films before and after the films absorb water, respectively.
The copolymer films were dipped in petrolic ether for 48 h. Then cleaned off the solvent on the surface of the films and weighed films again. The swelling ratio of the films was calculated by the following equation: 
where W 8 and W 9 are the weight of the films before and after the films are swollen, respectively.
The copolymer films were dipped in 5% HCl and 5% NaOH for 24 h. The solution on the surface of the films was cleaned off and films weighed again. The swelling ratio of the films was calculated by the equation (5) .
The heat resistance of latexes was determined on DETLASERIES TGA7 thermogravimeter, under nitrogen atmosphere to avoid any oxidative process at the heating rate of 10 0 C /min.
Contact angle experiments were carried out on KRÜSS Processor Tensiometer (K-12, Germany) with the Wilhelmy plate method under 25 0 C with deionized water and n-hexadecane. Reported contact angles were averages of several determinations made on different areas of a sample surface. Accuracy was generally 1-2°.
AFM measurements were performed by imaging samples with a Digital Instruments Nanoscope IIIa with a Multimode Head. The phase images were obtained while the instrument was operated in the tapping mode under ambient conditions. For AFM measurements, 1-2 drops of the corresponding dispersions 43% (w/w) solid content) were cast onto freshly cleaved glass plates and then dried at room temperature.
